Neutrino-less double beta decays (0), which violate the lepton number conservation law by ÁL ¼ 2, are of great interest for studying the fundamental properties of neutrinos beyond the standard electroweak theory. High-sensitivity 0 studies with mass sensitivities of the solar and atmosphericmasses are crucial for studying the Majorana nature of 's, the mass spectrum, the absolute -mass scale, the Majorana CP phases and other fundamental properties of neutrinos and weak interactions. Actually, high-sensitivity experiments of 0 are the unique and practical method for studying all these fundamental properties of neutrinos in the foreseeable future. On the basis of the recent oscillation studies, the effective mass sensitivity required for observing the 0 rate is of the order of the atmospheric mass scale of m A $ 50 meV in the case of the inverted mass hierarchy and of the order of the solar mass scale of m S $ 8 meV in the case of the normal hierarchy. The present detectors with sensitivities of 150 -300 meV are effective in the case of the quasi-degenerate mass spectrum. Future detectors with higher sensitivities of the orders of m A -m S , using different nuclei and methods (calorimetric, spectroscopic), are indispensable for establishing 0. Theoretical and experimental studies for evaluating nuclear matrix elements M 0 within 20 -30% are important for extracting the sensible mass from the 0 rate. Charge exchange reactions by means of nuclear, electron and probes provide useful data for M 0 . International collaboration for experimental and theoretical works are encouraged to perform next-generation experiments. High-sensitivity detectors can be used for studying rare nuclear processes such as solar 's, dark matter, charge nonconservation, and nucleon decays. This report is a brief review of double beta decays and neutrinos with emphasis on highsensitivity 0 studies for the Majorana mass.
Introduction

Double beta decays and neutrinos
Double beta () decays are of great interest for studying fundamental properties of neutrinos beyond the standard model (SM) of the electroweak theory. Neutrino-less decays (0), which violate the lepton number conservation law by ÁL ¼ 2, provide evidence for the Majorana nature of 's, the mass spectrum, the absolute mass scale, the Majorana CP phases and others beyond SM. Theoretical and experimental studies of decays have extensively been made as given in review articles by Haxton and Stephenson 1) Doi et al.
2) Faessler, Simkovi, Bilenky et al., and Zuber, 3) Ejiri, 4) Elliott and Vogel 5) Vergados 6) and references therein. The interest in 0 has recently been sharpened by the results of neutrino oscillation studies. Atmospheric oscillations were shown first by SK 7) and later confirmed by the accelerator experiment, 8) and solar oscillations indicated by the pioneering work by Davis et al. 9) have been well established by the SNO data on charged and neutral currents 10) and the SK data. 11) The experimental data and the theoretical analyses of the oscillation data have clearly shown the nonzero neutrino mixings and nonzero neutrino mass-square differences.
On the basis of the measured mixing coefficients and the mass-square differences, the effective mass and the absolute mass scale are shown to be of the orders of the atmospheric mass of m A and the solar mass of m S , depending on the mass hierarchy. The oscillation data, however, do not provide the absolute mass scale or the nature of the neutrinos, that can be studied by highsensitivity 0 studies.
Presently, decays are unique and realistic probes to access such small masses as suggested by the oscillation data. There are theoretical reasons to believe that 's are Majorana in nature. Then high-sensitivity 0 experiments may reveal the Majorana nature of the 's and the absolute mass scale, and possibly the Majorana phases. Double beta decays are the second-order weak process. They are possible in many even-even nuclei where single beta decays are energetically forbidden. Normal decays within SM are two-neutrino decays (2), which are followed by two-neutrinos or antineutrinos to conserve the lepton number.
Neutrino-less decays are exotic decays, where one neutrino emitted from a nucleon in a nucleus is reabsorbed by another nucleon in the same nucleus. Thus 0 gives the evidence that the neutrino is a Majorana particle, and the 0 rate gives the effective Majorana mass.
Neutrino-less decay was discussed earlier by Goeppert-Mayer, 12) Racah, 13) and Furry 14) for more than 60 years ago, and later by Primakov and Rosen. 15) Neutrino mass evaluation from decay rates has been discussed by Kotani's group 16) and others. Recent works have been given in recent review articles, [1] [2] [3] [4] [5] [6] and references therein. Recent experimental INVITED REVIEW PAPERS works have also been given in recent conference reports by Fiorini, 17) Cremonesi, 18) Ejiri and Ogawa, 19) Avignone, 20) and others. 21) Reviews with emphasis on nuclear matrix elements have been made by Tomoda, 22) Suhonen and Civitarese, 23) Simkovic and Faessler 24) and recent experimental data have been listed in a review by Tretyak and Zdesenko. 25)
The present report reviews briefly recent studies of decays and the Majorana mass with emphasis on highsensitivity 0 experiments.
1.2 Particle and nuclear physics aspects of double beta decays Double beta decays are of current interest in particle physics, astronuclear physics and cosmology. Accordingly, extensive works on experiments and theories have been made in order to study fundamental properties of neutrinos and related subjects since the early 1980's.
The particle physics aspects of decays are primarily the fundamental properties of neutrinos and weak interactions beyond SM, as given in review papers. [1] [2] [3] 6) The neutrino-less decays, which are due to the Majorana nature of neutrinos and the nonzero neutrino masses, proceed through the exchange of a light Majorana neutrino between two nucleons (quarks) in a nucleus (hadron). Then the neutrino-less rate gives the effective Majorana mass. The present review discusses mainly this light exchange process.
Neutrino-less decays require left-and right-handed helicities of neutrinos. Thus 0 is also possible by the right-handed weak current. Then the 0 rate leads to the mass of the possible right-handed weak boson or the mixing with the left-and right-handed weak bosons.
On the basis of the super-symmetric models (SUSY) with R-parity-violating interactions, neutrino-less decays can proceed through the exchange of SUSY particles, as discussed in a recent review. 6) Then the rate gives the interaction and the mass associated with the neutrino-less process.
Neutrinos can change the hilicity from left to right through the emission of the Goldstone boson called a Majoron. Then 0 followed by the Majoron gets possible, and the decay rate gives the neutrino-Majoron coupling constant.
Astro-and cosmological aspects of neutrino-less decays are the possible contribution of neutrinos to the dark matter in the universe. Actually, the observed power spectra of cosmic microwave radiation constrain the sum of the neutrino masses and hence the effective neutrino mass to be studied by neutrino-less decays.
Nuclear physics aspects of the decays are concerned with the nuclear matrix elements for the transitions, as described in the recent reviews. 3, 4, [22] [23] [24] Nuclear matrix elements, which involve double spin-isospin operators, are very sensitive to the nuclear spin-isospin correlations and nuclear spin-isospin structures. Thus theoretical calculations of the matrix elements are hard.
Nuclear matrix elements for normal 2 decays with two neutrinos can be derived experimentally from observed 2 rates. The effective neutrino mass and the interaction involved in the neutrino-less decay are extracted from the observed decay rate by using the nuclear matrix element. Thus it is quite important to evaluate precisely the nuclear matrix elements for the normal and exotic decays.
Nuclear spin-isospin responses relevant to the processes are obtained experimentally by using charge exchange nuclear reactions with intermediate-energy hadron beams. Intense neutrino beams obtained from high-intensity proton accelerators can be used for studying directly the nuclear weak responses involved in matrix elements.
It has recently been shown that normal and neutrino-less processes are approximately expressed as successive single-processes through low-lying states in the intermediate nucleus. Then the single-matrix elements for the low-lying states can be evaluated experimentally by using AE decay ft values and the spin-isospin strengths derived from charge exchange reactions, as discussed in the review by Ejiri.
4)
Experiments of double beta decays
Double beta decays are the second-order weak process with low Q values of at most a few MeV. Thus they are low-energy rare processes. The decay rates for normal decays are of the order of 10 À20 per year (y) or less in most nuclei and the individual energy is typically 1-2 MeV or less.
Exotic neutrino-less decays, which involve a high-momentum virtual neutrino, has a larger phase space than that for two-neutrino decays by a factor of 10 7 {10 8 , but are reduced by the small -mass factor of [m =m e 2 , which is around 10 À14 for m ¼ m A % 50 meV. Then the net decay rate for the neutrino-less decay is reduced by 10 À7 with respect to the rate for the normal rate.
Double beta decay events are extremely rare, low-energy events with the rate of around 10 À27 /y for neutrino-less decays with the effective mass of % m A and the energy of a few MeV. Thus one needs to find very rare signals from among huge background ones from natural and cosmogenic radioactivities in the low-energy region. In fact, decays have several unique features that make experiments feasible and thus make it possible to search for the very small mass in the 10 meV region.
The unique features of the experiments are described below.
i. The decay rate T is so slow that the half-life (ln 2=T) is 10 orders of magnitude longer than the age of the earth. Then the isotopes are available as effectively stable isotopes on the earth. Therefore it is realistic to get 0.3 -1 ton of isotopes, i.e., N % 10 27 , in order to observe rare 0 events with T % 10 À27 /y. ii. Using nuclei where single-decays are energetically forbidden, one can be free from a huge singleflux, which would be larger than rates by 10 30 . iii. The neutrino-less process with a virtual exchange between two nucleons in a nucleus is greatly enhanced because the nucleons are close to each other in the nucleus. Then it is feasible to access the mass of the order of m S {m A . iv. High energy-resolution and/or correlation studies of rays select low-energy rare signals from huge RI BG events. These unique features of the decay make the nucleus an excellent microscope (microlaboratory) with a large filtering power to eliminate single-and other RI BG signals and a large enlargement factor to enhance the 0 signal of the neutrino physics interest.
Experimental studies of decays were made first by geochemical methods. Then inclusive decay rates were deduced by measuring the products in old ores. Pioneering 0 experiments on 76 Ge were made by using Ge detectors by the Milan group (Fiorini et al.) . 26) The first measurement of the 2 rays by the direct counting method was made on 82 Se by Moe et al. 27) The observed rate agrees with the rate measured previously by the geochemical method. 28) The first measurement of the 2 rate by the direct counting method alone on 100 Mo, where no geochemical measurement was made beforehand, was carried out by the ELEGANT group (Ejiri et al.) . 29) So far, 2 rates on several nuclei have been measured by direct counting methods, as reported in the review papers given in §1.1 and are discussed in §4.1.
Limits on the 0 decay rate and the effective mass have been obtained by using high-sensitivity detectors. Among them, the IGEX 30) experiment on 76 Ge and the Milan experiment 17, 18) on 130 Te gave quite stringent limits of around 0.3 -1 eV, depending on the nuclear matrix element used. A nonzero 0 rate for 76 Ge has been claimed by some of the HM group, 31) but questions on their analyses and critical comments have been raised, as discussed later in §4. 4 . The NEMO group recently started spectroscopic measurements on 100 Mo and others using the new detector NEMO III.
32) The present CUORICINO 18) and NEMO III 32) are interesting in the search for the effective mass of around hm i ¼ 100 { 300 meV in the QD region. The recent oscillation studies have shown the flavor mixing and the mass-square differences of m, as discussed in §1.1. They have given a strong impact to high-sensitivity studies of experiments since the effective mass suggested is of the order of p m 2 ¼ 10 { 50 meV, which next-generation detectors can access if 's are Majorana particles. In fact, most theories suggest that 's are Majorana in nature.
In the case of the inverted mass hierarchy, detectors with the mass sensitivity of hm i % 20 meV can find the 0, while in the case of the normal hierarchy one needs higher sensitivity detectors with hm i % 2 meV. Accordingly, several groups are now planning next-generation experiments with the mass sensitivities of 20 -30 meV. R&D works for such high-sensitivity detectors are in progress, as discussed in the reviews and recent conferences. 5, [18] [19] [20] [21] The present review aims at briefly presenting the present status and perspectives of 0 decays and neutrino masses. Double beta decays and neutrino masses are briefly described in §2. Here, theories and processes, effective neutrino masses studied by 0 decays and neutrino oscillations, and the neutrino mass constraint from cosmological observations are briefly discussed.
Nuclear matrix elements for decays are crucial for deriving the effective neutrino masses from 0 rates. They are discussed in §3. Here, nuclear processes involved in decays, nuclear theories and models for calculating the matrix elements, the schematic model for evaluating matrix elements, and experimental studies for nuclear spinisospin responses relevant to processes are discussed.
Experimental aspects of decays are given in §4. Nuclear and detector sensitivities for experiments and the status of the presently running experiments are discussed in this section. High-sensitivity experiments with the mass sensitivity of the order of 10 meV are of great interest for studying the Majorana nature of the neutrinos, the absolute mass scale of the neutrinos, and the neutrino mass spectrum. Discussions are made on future high-sensitivity studies and on R&D works for future detectors in §5.
High-sensitivity detectors are used for studying other rare processes in nuclei. Actually detectors are applied for studying low-energy solar neutrinos, dark matter, charge non-conservation, nucleon decays and baryon number nonconservation and others. They are briefly described in §6.
Concluding remarks on perspectives of high-sensitivity 0 studies and Majorana neutrino masses are given in §7.
International corporative works and international collaborations for new-generation experiments and for theoretical and experimental works for matrix elements are important. An international statement, 33) which was made recently towards this direction, is given in Appendix.
Double Beta Decays and Neutrinos
Double beta decays and neutrino masses
Double beta decay (DBD: ) due to the second-order weak process is an extremely rare nuclear process. In the case of DBD, the even-even nucleus AðZ; NÞ decays exclusively to the even-even nucleus BðZ AE 2; N Ç 2Þ by emitting two Ç rays since the single-decay to the intermediate odd-odd nucleus CðZ AE 1; N Ç 1Þ is energetically forbidden. Here, the attractive pairing interaction pushes down the ground state of the even-even nucleus A with paired protons and neutrons with respect to the ground state of the intermediate odd-odd nucleus C with an unpaired proton and an unpaired neutron. 48 Ca is a special case where the intermediate nucleus C is so close to the parent nucleus A in energy and so different in spin that the single-decay from A to C is effectively forbidden.
Since decay half-lives of the order of 10 $20 y are much longer than the life of the earth, nuclei are stable nuclei with finite natural abundance. Actually, there are many stable isotopes which are unstable with respect to double beta decays. Thus one can use stable isotopes of the order of tons to study very rare decays.
DBD nuclei with a large neutron-excess decay by emitting two À rays, while those with a relatively large protonexcess decay by emitting either two þ , one þ EC, or two EC's. A decay scheme for a double À decay is shown in Fig. 1 .
In the framework of the standard model of the SUð2Þ L Â Uð1Þ electroweak theory, the lepton number L is conserved. Then DBD with two À ( þ ) is followed by two antineutrinos (neutrinos). Thus the decay is called two-neutrino double beta decay (2) . The decay is expressed as
where is an antineutrino (neutrino) in the case of À ( þ ) decay. The weak interaction is purely left-handed, and the neutrino (antineutrino) is massless and left-handed (righthanded).
The decay rate is typically 10 À20 per year (y), depending largely on the Q value. The rate is smaller by 10 25 {10 21 than the typical single-decay rate of 10 5 {10 1 per y. Accordingly, experimental studies of such rare decays would not be realistic unless the single-decay could be effectively forbidden.
The 2 rates have recently been studied for several nuclei, and the nuclear matrix elements M 2 have been derived from the observed decay rates. The 2 process is discussed in detail in §2.2.
DBD associated with neutrinos and weak interactions beyond SM is the decay without real neutrinos. The decay (0) is expressed as
where the lepton number conservation law is violated by ÁL ¼ 2.
Nonzero 0 rates provide evidence for the Majorana nature of the neutrino and the nonzero Majorana mass. The 0 mechanism discussed in the present review is mainly the light-exchange process between two nucleons in a nucleus. Then the emitted from one nucleon must be absorbed into the other nucleon. Thus the anti-must be identical with , i.e., the Majorana particle. Helicity matching of the emitted and reabsorbed neutrinos requires that 0 involves the Majorana mass term and/or the coupling with the right-handed weak current.
The 0 processes beyond SM include the SUSY particle exchange process with the R-parity-violating interaction, the coupling with the Majorana field followed by the Majoron emission (0B) and others.
Actually, 0 is a very sensitive probe for studying fundamental properties of neutrinos and weak interactions beyond SM. Detailed discussions of the 0 processes are given in §2.2.
The 2 and 0 processes are identified from the sum energy spectrum of Eð 1 Þ þ Eð 2 Þ for two rays. As shown in Fig. 2, 2 shows a continuum spectrum characteristic of the four-body phase space, while the 0 process shows a sharp peak at Eð 1 Þ þ Eð 2 Þ ¼ Q . On the other hand, 0B followed by the Majoron shows a broad peak below Q since the Majoron takes away the energy of around Q =3.
It is interesting to note that the exchange between two nucleons in a nucleus is greatly enhanced since the nucleon distance r is very small. In other words the momentum is as high as p % h " =r % 0:1 GeV/c. This is one or two orders of magnitude larger than the momentum of the real from 2. Then the phase space volume for 0 is larger than that for 2 by a factor of 10 7 {10 8 . The decay rate of 0 due to the mass term is reduced by a factor of ðm =m e Þ 2 % 10 À14 if m % 50 meV (10 À7 in units of the electron mass m e ). Then the rate including the phase space factor is the order of 10 À27 /y, which is smaller than the 2 rate by a factor of around 10 À7 . This is exactly the rate accessible by the new-generation DBD detectors, as discussed in §5.
2.2 Double beta decay processes and double beta transition rates Theories on processes have been presented in earlier reviews 1, 2) as well as in recent review articles. [3] [4] [5] [6] Theoretical details are found in those review papers and references therein. Here, we briefly describe the 2 and 0 processes. Schematic diagrams of 2 and 0 processes are shown in Fig. 3 .
Hereafter, we use the transition rate (probability) T, which is rewritten as T ¼ ¼ ln 2=T 1=2 ¼ 1=T m , where , T 1=2 and T m are the decay constant, half-life and the mean-life, respectively. The 2 process within SM is given in Fig. 3A . The transition rate is expressed simply in terms of the kinematical factor G 2 and the nuclear matrix element M 2 for 2 as
The kinematical factor includes the phase space volume and the double weak coupling constant. Note that the present G corresponds to ln 2 G 0 with G 0 being the kinematical factor defined for 1=T 1=2 in other references. The 2 process is a Fig. 2 . Sum energy spectra of Eð 1 Þ þ Eð 2 Þ for two rays from 2, 0, and 0B processes of 100 Mo. 4) The lines show the calculated spectra for the ground-state transition. 
where j L and J L are the left-handed lepton and hadron currents, and j R and J R are the right-handed lepton and hadron currents, respectively. The first term is the mass term and the others are associated with the right-handed weak interaction. The interaction coefficients ; ; are given by the mixing angle LR between the left and right weak bosons of W L and W R and their masses of M L and M R as
The weak eigenstate neutrino is expressed in terms of the mass eigenstate m as
where L and R stand for the left-handed and right-handed helicities and U and V the mixing matrices for the lefthanded and right-handed neutrinos, respectively. The 0 transition rate,
where G 0 is the kinematical factor for 0 and M 0 is the nuclear matrix element. Note that the present G 0 is smaller by a factor of ln 2 than the kinematical factor for the inverse of the half-life in other references. Detailed discussions of the nuclear matrix element are given in §3. K R stands for the mass and right-handed current term, and is given by
The mass and the right-handed currents given above are the effective terms. They are expressed as
The mass and the right-handed current terms are identified by observing the energy and angular correlations of the two rays. The correlations for 0 from 100 Mo are shown in Fig. 4 .
The 0 process due to the mass term is characterized by the single-energy peak at around E $ Q =2 and the two -rays emitted opposite to each other. Thus spectroscopic studies of individual rays are used to identify the mass term.
The 0 process due to the light Majorana-mass term involves mainly the virtual light-exchange between two neutrons in a nucleus. The nuclear matrix element M 0 is expressed in terms of the spin and spin-isospin operators and neutrino potentials. The matrix element M 0 is discussed in detail in §3.
The other 0 processes have been discussed in several papers, as given in review papers. One interesting process is the SUSY particle exchange process, as discussed in the review 6) and references therein. The gluino (g g) exchange process is shown in Fig. 3C . The transition rate is, in general, given as
where G 0 is the kinematical factor including the phase space volume, k is the R-parity-violating SUSY coupling coefficient and M k is the relevant nuclear matrix element. Here, the R parity is defined as R ¼ ðÀ1Þ ð3BþLþ2SÞ with B, L; and S being the baryon number, the lepton number, and the spin.
The rate for the gluino exchange process is expressed as
where f is the R-parity-violating interaction parameter and mũ u and mg g are the squark and gluino masses. The nuclear response Rg g is given as a function of the gluino mass. The 0 followed by a single Majoron (Fig. 3D) is denoted as 0B, and that with double Majorons as 0BB. The Majoron is a Goldstone boson associated with spontaneous breaking of B-L symmetry.
The 0B decay rate is expressed as
where G 0B is the kinematical factor including the phase space volume and the double weak coupling constant for the 0B process, M 0B is the nuclear matrix element, and hg B i is the effective -Majoron coupling constant. hg B i is given by
Effective neutrino masses and neutrino oscillations
The effective neutrino mass to be studied by 0 is expressed in terms of the neutrino mixing coefficients and the absolute masses of the mass eigenstates. On the other hand, the neutrino oscillation data give the mass-square differences and the mixing coefficients.
Recent oscillation experiments have established e ! and ! oscillations, and the mass-square differences and the mixing coefficients involved in their oscillations have been derived. Then the effective neutrino mass can be expressed in terms of the mass-square differences and the mixing coefficients. Discussions on the effective mass and the oscillation parameters have recently been given in several papers. [34] [35] [36] [37] The neutrino flavor eigenstates and the mass eigenstates are related via the mixing matrices U and V, as given in eq. (6) . Hereafter, we concentrate our discussions on the 0 due to the light Majorana-mass term in the lefthanded weak current. The mixing matrix for L is expressed by explicitly using the Majorana phase matrix U p as U ¼ U m U p . On the basis of the three neutrinos, it is expressed as e
where the mixing matrix U m and the phase matrix U p are written as 
The 0 decay rate due to the Majorana mass term, which is the primary goal of the experiment, is then written simply as
The effective mass hm i is expressed using the mixing coefficients and the Majorana phases as
¼ jC Here, we consider the three cases of the neutrino mass spectra; the normal mass hierarchy (NH) with m 1 < m 2 ( m 3 , the inverted hierarchy (IH) with m 3 ( m 1 < m 2 , and the quasi-degenerate spectrum (QD) with 
The oscillation experiments have recently settled the LMA (large mixing angle) oscillation parameters, i.e., the mass square differences and the mixing coefficients, as discussed in §1.1.
The solar neutrino oscillation was first shown in the Homestake experiment of 37 Cl CC (charged current), 9) and confirmed by GALLEX/GNO and SAGE experiments of 71 Ga CC, 38) the Kamiokande and SK experiments of elastic scatterings, 11) and the SNO experiment of CC and NC (neutral current). 10) These experiments prove that the missing of the solar flux is due to the e À oscillation, and the sum of CC and NC agrees with the expected solar flux.
The reactor antineutrino oscillation was found in the KamLAND experiment. 39) On the basis of the CPT symmetry, the data give the LMA oscillation parameters.
The solar and reactor oscillation experiments provide precise values for the oscillation parameters of m 2 21 and sin 2 12 .
The atmospheric muon neutrinos in the GeV and sub-GeV regions have been found to show the ð " Þ ! ð " Þ oscillation.
7) The zenith angle dependence has provided the very clear evidence for the oscillation. The data give the oscillation parameters of jm 
40)
High-precision experiments have been under consideration to determine 13 .
The mass-square differences and the mixing angles have been obtained from the recent oscillation data. They are given as 21) Accordingly, next-generation DBD experiments with high mass sensitivity of the order of 20 meV is of great interest in establishing 0 and the neutrino mass spectrum for either QD or IH. R&D for future DBD experiments with ultrahigh mass sensitivity of the order of 2 meV should be encouraged for future experiments in the case of NH.
Neutrino masses by single-decays and cosmology
The electron neutrino mass is studied by measuring single -ray spectra at the end point. In fact, the single-energy is sensitive to the nonzero neutrino mass at the end point region of E % Q , but the intensity becomes extremely low there. The mass is derived by kinematical analysis. Thus it does not depend on whether the neutrino is a Dirac or a Majorana particle.
The electron neutrino mass derived from the analysis of the -energy spectrum is the square root of the incoherent sum of the individual m
The effective single-mass m ðÞ derived from the single-spectrum gives constraints on the absolute masses of m i . All masses of m 1 , m 2 and m 3 are below ðm ðÞ 2 þ m 2 A Þ 1=2 , and the minimum mass is smaller than m ðÞ. Tritium decays have been extensively studied by the Troitz 42) and Maintz 43) groups, and the upper limit of around 2 eV has been derived on m ðÞ. KATRIN 44) aims at studying the QD mass region down to m ðÞ ¼ 300 { 200 meV by measuring t decays.
The effective single-mass in the QD region can be written as m ðÞ ¼ ½C 
Thus the effective mass hm QD i from 0, together with the effective mass m ðÞ from the t-decay, may give the Majorana phase 2 , provided that the nuclear matrix element for 0 is accurately evaluated within 20%.
Neutrino masses are interesting in astrophysics and cosmology as well as in particle physics. In fact neutrinos constitute a fraction of hot dark matter (HDM), and the relative amounts of HDM and the massive cold dark matter (CDM) are crucial in the formation of the large-scale structures of the universe. 45) Then the absolute mass scale of the neutrinos is important for understanding such structures, and information on the sum of the neutrino masses is obtained from studies of cosmological observations. 35, 46, 47) The contribution of the massive neutrinos to the cosmological mass density is given by
where , h and P m are the massive density relative to the critical density, the Hubble constant in units of 100 km/ s/Mpc, and the sum of the masses. The sum P m is related to the effective mass studied by 0.
48) For QD with m 2 i ) m 2 A , the effective mass to be studied by 0 is
Using the mixing angle of 12 $ =6, hm i is limited to P m ð1=3{1=6Þ, depending on the Majorana phase. The recent WMAP 47) analysis gives an upper limit of P m 0:7 eV, which leads to the limit hm i 230 {120 meV, depending on the phase.
High-precision studies of the cosmological observation and the single-spectrum may clarify a possible hm i in the QD region.
Nuclear Responses for Double Beta Decays
Nuclear processes and nuclear responses for double
beta decays Nuclear responses for double beta decays are given by M 2 for 2 and M 0 for 0. M 2 is derived from the 2 transition rate. It is sensitive to the spin-isospin correlations in nuclei.
The effective mass is derived from the observed 0 rate by using the calculated M 0 . Thus M 0 is crucial for studies of the Majorana neutrino masses and the Majorana phases.
Theoretical calculations of the matrix elements have been extensively carried out. They are given in recent review articles and references therein. 3, 4, 23, 24) The 2 process proceeds mainly by the two nucleon mode (2n). In the case of À À decay from the 0 þ ground state in an even-even nucleus, two neutrons decay to two protons, each emitting a pair of À " . Since the Q value is, at most, a few MeV, the emitted rays and 's are mostly of low-energy s-waves. Thus the 2 transition is predominantly the allowed Fermi/GT type. Since the kinematical factor G 2 has the leading term proportional to Q
11
, the ground state 0 þ ! 0 þ transition is the most favored. Then the matrix element for the 0 þ ground state transition is expressed in terms of the allowed GT and Fermi matrix elements as
Here, 0 i and 0 f are the initial and final 0 þ ground states, and 1 c and 0 c are the intermediate 1 þ and 0 þ states, and Á c is the energy denominator. The energy denominator is given as
, and E c being the energies of the initial, final and intermediate states.
Transition rates to low-lying excited 0 þ and 2 þ states in the final even-even nucleus are, in general, smaller by 1-2 orders of magnitudes than the rate to the ground state because of the smaller phase volumes for the excited states.
In the case of the 0 process for the light-exchange, the virtual neutrino has a large momentum. Therefore the 0 process may proceed partly by the Delta (Á) isobar and the exchange () current modes in addition to the main 2n mode. They are written as
Here, the n þ n mode is the virtual-exchange between 2n, and n þ mode is the exchange between n and . On the other hand the Á isobar mode is the exchange between two d quarks in the single Á baryon.
The nuclear matrix element M 0 generally includes all modes of 2n, and Á, as discussed above. Among them, the major process is considered to be the 2n mode, where the light Majorana neutrino is exchanged between the two nucleons. M 0 for the exchange-current and the Á isobar processes are considered to be much smaller than that for the 2n one, but must be taken into account when the 2n matrix element becomes very small.
In fact, the nuclear matrix element for the Á isobar mode is described as
where M 0 ðÁÞ is the matrix element for the exchange between two quarks in the Á isobar and PðÁÞ is the probability of the Á in the ground state. M 0 ðÁÞ is larger than the matrix element M 0 ðnnÞ for 2n because the distance between the quarks in the Á is much shorter than that of the neutrons in the nucleus and the overlap integral for the two quarks is also larger than that for 2n. On the other hand the probability PðÁÞ of the Á in a nucleus is only a few %. In any case, the non-nucleonic modes must be evaluated properly for getting the precise values of M 0 required for deriving the effective mass and the phase.
The nuclear matrix element for 0 is expressed using the neutrino potential h k ðr c ; E c Þ as
where H k with k ¼ F, GT and S are the Fermi, GT and tensor operators, and h k ðr; E c Þ is the neutrino potential for the intermediate energy E c . The momentum involved in the virtual-exchange is of the order of 0.1 GeV/c. Thus the matrix element includes the momentum-dependent terms and the tensor term, as discussed in the review. 6 ) Here, we consider the F-and GT-type matrix elements for simplicity, and discuss contributions from the momentum-dependent terms later in §3.2.
Then the 0 matrix element is expressed as
where R F is the ratio of the Fermi and GT components, and the GT and Fermi matrix elements are expressed in terms of the isospin and spin-isospin operators and the neutrino potential as
The neutrino potential for the intermediate state C with the energy E c is written as
where r and R are the distance between the two nucleons and the nuclear radius, ! and q are the energy and momentum of the virtual , and 1 and 2 are the two -ray energies, respectively. The neutrino potential shows that the momentum of the virtual associated with the 0 process is of the order of p $ 1=r, r being the distance between the two nucleons in a nucleus. Then the momentum becomes as large as p $ 0:1 GeV/c and accordingly, large angular momenta of lh " ¼ 0 { 5h " are involved in 0 in contrast to the case of 2.
The nuclear matrix elements with nuclear spin-isospin operators and reflect the nuclear spin-isospin correlations and spin-isospin structures. In fact, nuclear spinisospin matrix elements are modified in a nuclear medium due to the strong spin-isospin correlations. 4, 49) The spin-isospin correlation can be, for simplicity, expressed in terms of the separable interaction as
where is the -mode polarization interaction and Q þ and Q are the creation and annihilation operators of the -mode phonon. The phonon operator Q for ¼ TSLJ, with T; S; L; and J being the isospin, spin, orbital angular momentum and total angular momentum, is written in terms of the spinisospin phonon operator as
The polarization interaction gives rise to the -mode spinisospin giant resonance (GR) in the high excitation region and the -mode spin-isospin polarization in the low excitation region.
Consequently, the -mode spin-isospin strength hQ i is pushed up to the GR region, and the strengths for low-lying states are reduced by the -mode polarization. Then the matrix element is expressed as
where g eff and are the effective coupling constant and the susceptibility for the mode, respectively
The nuclear Hamiltonian includes the spin-orbit and other spin-dependent interactions that do not commute with the spin-isospin multipole operators. Thus the isospin GR's with S ¼ 0 and L ¼ 1; 2; 3 . . . and spin-isospin GR's with S ¼ 1 and L ¼ 0; 1; 2; 3; . . . are not sharp states but rather broad resonances. Nevertheless their strengths are shifted towards the GR region, and thus the single-strengths for low-lying states are reduced by g eff =g ¼ 0:2 { 0:3 due to the sinisospin polarizations, i.e. the nuclear medium effects. 4, 49) The nuclear matrix elements are greatly modified by the spin-isospin GR's and spin-isospin polarizations. In general, they are reduced by one order of magnitude in comparison with single-particle values without the spinisospin correlations. These nuclear medium effects make it hard to evaluate M 0 and M 2 unless the strong spin-isospin correlations are fully taken into account.
Matrix elements M 2 for the ground and excited 0 þ states, which are deduced from observed 2 rates, are used to get the spin-isospin interaction and to evaluate M 0 . The spinisospin polarization and the spin-isospin GR are studied experimentally using charge exchange reactions and are also used to evaluate M 0 , as discussed in §3.3 and §3.4. Nuclear model calculations are described in §3.2, and the schematic particle-hole model for the matrix element is presented in §3.3. Experimental methods for studying nuclear spin-isospin correlations relevant to 2 and 0 processes are discussed in §3.4.
Nuclear model calculations for matrix elements
Nuclei are strongly interacting many-body systems. Thus theoretical calculations are made on such nuclear models that take into account the essential interactions in appropriate model spaces.
Nuclear models for matrix elements
The matrix elements are very sensitive to the spinisospin correlations in nuclei, as discussed in §3.1, and the matrix elements for decays to the ground and low-lying states become very small. Accordingly, it is not straightforward to accurately calculate matrix elements for lowlying states in the medium nuclei.
In view of the importance of the reliable evaluation of the matrix elements, extensive theoretical calculations of 2 and 0 matrix elements have been made using various kinds of nuclear models. Recent theoretical works on matrix elements have been described in recent review articles on decays [3] [4] [5] [6] and review papers with emphasis on the matrix elements 4, 23, 24) and in others. Here we present brief remarks on theoretical calculations of matrix elements.
Shell model: The shell model is one of basic nuclear models, which has been applied for calculating nuclear structures and nuclear properties. The shell model calcu-lations, however, are realistic in simple light nuclei since the model space to be used for calculations is limited.
The strong spin-isospin interactions make it necessary to take into account many levels over major shells in order to include all spin-isospin correlations relevant to processes. Thus the shell model would be quite useful if highspeed computing facilities were to become available in the near future and/or adequate truncation of the model space were to become possible. Some recent shell model calculations are found in theoretical works. [50] [51] [52] [53] The light nucleus of 48 Ca is interesting from the viewpoint of shell model calculations. 1, 50) Shell model calculations with a large model space and a Monte-Carlo method have been carried out for processes. 54, 55) The shell model space gets extremely large in mediumand heavy-mass regions, where many nuclei have been studied experimentally. Consequently adequate shell model calculations for medium and heavy nuclei are not quite realistic even with fast computing facilities.
QRPA: Nuclear weak processes in medium and heavy nuclei are very sensitive to the pairing and spin-isospin correlations and interactions. 4 ) QRPA (quasi-particle random phase approximation) is very useful for calculating matrix elements for medium and heavy nuclei since it properly incorporates such correlations and interactions in nuclei. In fact, QRPA has been applied successfully for calculating electromagnetic and other properties of medium and heavy nuclei.
QRPA calculations with particle-hole and particle-particle interactions have been shown to explain the strong reduction of 2 matrix elements by Vogel and his collaborators 56, 57) and others as given in review articles. 23, 58) Calculated matrix elements, however, are found to be quite sensitive to the particle-particle interaction parameter g p p . Calculated values for GT matrix elements of 2 cross the zero line at the physical region of g p p % 1. Thus accurate evaluations of the very small M 2 are hard. Nuclear matrix elements M 0 for 0 includes higher multipole components with l ! 1 in addition to the GT component with l ¼ 0, and thus M 0 calculations are not quite sensitive to g p p .
QRPA is based on the quasi-boson approximation for the correlated two quasi-particles, and thus it necessarily slightly violates the Pauli principle. RQRPA (Renormalized QRPA) has been developed to incorporate the Pauli principle. [59] [60] [61] Nuclear matrix elements calculated recently in the framework of QRPA are given in Table I . The fourth column shows the pn-QRPA calculations. 62) Here the two-body nuclear interaction was constructed using the G-matrix interaction of the Born type. The single-particle energies were obtained from the observed spectra of the neighboring odd-mass nuclei, and various parameters were fixed by reproducing the single-decay rates.
The uncertainty in the 0 matrix elements has recently been discussed. 64) The 0 matrix elements for mediumenergy À À nuclei are evaluated within RQRPA and QRPA using various sets of single-particle level schemes and particle-particle interaction parameters. It is shown that the calculated M 0 values are independent of the size of the model space and the forms of different nucleon potentials when the strength of the particle-particle interaction is adjusted so as to reproduce the observed 2 matrix elements. Momentum-dependent term: The momentum-dependent induced nucleon currents, such as the weak magnetism and pseudoscalar couplings, have been discussed. 6, 63) It is shown that such currents reduce the 0 matrix elements by about 30% for light Majorana-exchange. The calculated matrix elements within the renormalized QRPA 63) are shown for the light Majorana-exchange without and with the momentumdependent term, respectively, in the 5th and 6th columns of Table I .
In the case of the 0 decay due to the right-handed weak current, the transition rate includes the term associated with the mixing of the left-handed and righthanded weak bosons. Here the 0 process proceeds through the heavy Majorana exchange, and the momentum-dependent term is dominant since the electron involved is of the s-wave. 22, 63) Then the transition rate is given as
The matrix elements M 0 H for the heavy Majorana exchange are evaluated with the momentum-dependent term, as given in the 7th column of Table I . 63) SU (4): The reduction of the strength for low-lying states has been discussed on the basis of the Wigner spinisospin SU(4) symmetry. [65] [66] [67] SU (4) is not exact in nuclei with strong spin-isospin correlations and spin-dependent interactions. Consequently, deviation of the SU(4) symmetry results in the spread of the spin-isospin and strengths to even the low-lying states.
Neutrino-less decays to excited states in even-even nuclei are interesting from theoretical and experimental viewpoints. Nuclear matrix elements for excited states have been discussed in terms of QRPA. 23, 68) The matrix elements are quite sensitive to the nuclear structures and processes. Although the transition rates for excited states are much smaller than the rate for the ground state, the experiment is nearly free of BG's. Neutrino-less decays to excited states are discussed in §3.4.2.
Nuclear model calculations for 0 matrix elements have been extensively made using various kinds of models and methods. Actually, the calculated values spread over the range of around 30 -50%, depending on the models and the interaction parameters used in the calculations. Accordingly, the mass extracted from the decay rate may has some uncertainty of $AE30 { 50%. 62, 69) It is of vital importance to reduce the uncertainty in the nuclear matrix element for studies by decays. 
are the creation operators of the single particle-hole and GT giant resonance, respectively. Similarly, the 0 þ ground state in the final nucleus is
Then the 2 matrix element is shown to be given approximately by the matrix element through the single particle-hole state as
The GT giant resonance jGð1 þ Þi in the intermediate nucleus includes the jSð1 þ Þi with the positive sign, while the final state j0 f i includes the jG 0 ð1 þ Þi with the negative sign, as shown in eqs. (59) and (61) . Thus the successive process through jGð1 þ Þi to j0 f i becomes very small because of the cancellation of the two terms.
The matrix elements of M S ð1 þ Þ and M The measured 2 matrix elements agree well with the matrix elements for the successive process through the ground state. This supports the ground-state dominance for 2 71) for special nuclei where the ground state is the only low-lying GT state. In general, there are several low-lying 1 þ states and they contribute to the 2 matrix elements unless their GT strengths are very small. The 2 matrix element for 100 Mo will be discussed in §3.3. The matrix element M 0 for 0 includes the nuclear potential. Let's discuss the GT-type matrix element given by
where h þ ðr; E c Þ is the neutrino potential for the intermediate energy E c and the distance between the two nucleons is written as r ¼ r i j . It is shown that the potential term h þ ðr ij ; EÞ is given mainly by the Coulomb term of h 0 R= jr i À r j j, and M 0 ðÞ is shown to be expressed approximately by a separable form, as in case of 2 matrix elements. 4) Accordingly, M 0 ðÞ is expressed as the sum of the contributions through the low-lying single particle-hole states jSðJÞi and the high-lying giant resonances jGðJÞi in the intermediate nucleus.
The contribution to the 0 matrix element from the giant resonances are much smaller than those from the lowlying states, as in the case of the GT giant resonance with J ¼ 1 þ . Then the 0 matrix element is expressed in terms of the single-matrix elements as
where M S ðJÞ and M S 0 ðJÞ are single-matrix elements through the low-lying (single particle-hole) states jS J i with spin J in the intermediate nucleus. 
They are studied experimentally using hadron, photon, and lepton probes as shown in Fig. 7 
where and e ; " are well separated by the decay time. The 3 GeV protons at J-PARC in Japan and the GeV protons at SNS in USA are of great interest for possiblebeams. 73, 74) Intense 1 GeV protons of 6 Â 10 15 per sec are obtained from SNS at ORNL, and 's with intensity of 9 Â 10 14 per sec can be obtained. The large-scale detector ORLaND is considered for various kinds of the particle and astrophysics with intense 's. 74) Currently, a small scale ORLaND-type project, NuSNS, is in progress.
74)
The J-PARC booster synchrotron provides higher energy 3 GeV protons with 1:2 Â 10 15 per second, and the expected intensity is 3 Â 10 14 per second. 73) The intensity is so strong that one can use the 's for studying nuclear responses and the strange quark content in nucleons.
Detectors used for studying nuclear weak responses with beams must be large-scale detectors. The MOON-type detector with a separate source (target) can be used for various kinds of target nuclei. 7 Be) at IUCF, KVI, MSU, RCNP, Triumf and others. Mediumenergy projectiles with E i ¼ 0:1{ 0:3 GeV are used for studying responses because of the relatively large spinisospin interaction (V ) and small distortion interaction (V 0 ) at the medium energy.
Charge
The charge exchange reaction with the medium-energy projectile is mainly due to the central isospin and spinisospin interactions. Then the cross section with the transferred momentum (q) and energy (!) is given as
where KðE i ; !Þ; N D ; J , and BðÞ are the kinematical factor, the nuclear distortion factor, the volume integral of the spinisospin interaction, and the nuclear spin-isospin response, respectively. denotes the isospin and spin channel; ¼ F for isospin Fermi and ¼ GT for spin-isospin GT.
The cross section at 0 deg for q % 0 and ! % 0 is corrected for the kinematical and normalization factors, and is expressed as
The proportionality of the cross section at the forward angle of % 0 deg to the response BðÞ has been well established for charge exchange reactions with mediumenergy light projectiles. In fact, the proportionality is good for spin-flip reactions with BðGTÞ ! 0:1, but some deviation from the proportionality is found in the reactions with smaller BðGTÞ due to contributions from tensor/noncentral interactions. Charge exchange ( 3 He,t) reactions relevant to the decays of 100 Mo have been studied at RCNP. 75) The obtained BðGTÞ values are given in Table II. The GT strengths are mostly located at the GR resonances in the high excitation region, and accordingly, the strength for the low-lying state is small, as shown in Table II . The matrix element for the successive process through the ground state can be obtained from the measured matrix element of jM j and the GT matrix element M ðSÞ derived from the ft value.
76) The obtained matrix element is jM ðSÞM ðS 0 Þ=Á S j $ 0:10 AE 0:01. This is almost the same 
The 0 decay rate T 0 is expressed in terms of the nuclear sensitivity S N as 4)
where the kinematical (phase space) factor of G 0 is given as a function of Z and Q , and m e is the electron mass. The kinematical factor for 0 À À increases as the atomic number Z increases because of the Coulomb effect on the Nuclear sensitivities and kinematical factors for groundstate transitions of À À nuclei with the large Q are listed in Table III . Sensitivities for the 0 process followed by the Majoron are also shown there. The sensitivity depends, of course, on the matrix element. The kinematical factor and the nuclear matrix element for the excited two-phonon 0 þ state are much smaller than those for the ground states. Consequently, the nuclear sensitivity for the excited state is smaller by 1-2 orders of magnitude, depending mainly on the Q value.
The ratio of the transition rates for the excited and ground states depends on the 0 process, the light-exchange, the heavy-exchange, or the SUSY-particle exchange. Thus the ratio may be used to identify the process, 22, 24, 68) provided that both the theoretical calculation and the experimental measurement are made accurately.
Experiments for decays can be almost free of backgrounds, and thus are realistic for some nuclei. Actually the 1.132 MeV excited 0 þ 1 state in 100 Mo has the large kinematical factor and the large nuclear sensitivity, as shown in Table IV , and can be studied using a next-generation detector. Experiments for excited states are discussed in §4 and §5.
Double Beta Decay Experiments
4.1 Experiments of 2 and 0 4.1
.1 Two neutrino double beta decays
Double beta decays within the standard model are 2 decays followed by two 's to conserve the lepton number. Decay rates are of the order of 10 À20 per year for favored decays with large Q of around 3 MeV.
Experimental studies of decays were made first by Isotope , favors the ground-state transition. Thus 2 decay rates for excited states are much smaller than the rate for the ground state. The small mass of m ( 1 eV leads to T 0 ( T 2 for most nuclei with Q ¼ 2 { 3 MeV. Consequently the observed rate can be considered to be the 2 rate for the groundstate decay.
Counter experiments of 2 have been carried out for several nuclei with the large Q of around 2 -3 MeV. Actually, experimental studies have been made using low-BG detectors with a modest volume of 0.1-1 kg isotopes. Observed 2 half-lives and extracted matrix elements are given for some À À nuclei in Table V . Spectroscopic measurements of two -rays are useful to reduce BG rates. Energy and angular correlations of tworays are used to identify the 2 mechanism. Recent NEMO III experiments provide high statistic studies of the 2 rates, the energy spectra and the angular correlations. The 2 spectrum for 100 Mo is shown in Fig. 8 
Experiments of neutrino-less decays
The 0 À À signal from AðZ; NÞ ! BðZ þ 2; N À 2Þ is characterized by a sharp peak at Q in the sum energy spectrum of E 1 þ E 2 .
In the case of AðZ; NÞ ! BðZ À 2; N þ 2Þ, three processes are possible, þ þ decays, þ EC and 2EC, where EC stands for atomic electron capture. The Q values for þ EC and 2EC are given by
where B e is the binding energy of the electron. Then 2EC and þ EC are possible even if Q þ þ is negative. The 0 þ þ peak arises at Q þ þ in the þ þ sum energy spectrum and the 0 þ EC peak at Q þ EC in the þ spectrum. If one measures the þ annihilation -rays and X-rays as well as the þ energy, the 0 peak is shifted to Q þ þ þ 4m e c 2 . In the case of 02EC, the total energy is carried away by the -ray. Then the 02EC peak appears at Q 2EC þ 2B e in the + X-ray energy spectrum. 94) Clear experimental observation of the 0 peak establishes the Majorana nature of neutrinos and the observed 0 rate provides the effective mass on the basis of the light Majorana-exchange process. In fact, 0 may be caused by several processes with ÁL 6 ¼ 0, such as the interference with the right-handed weak current, the heavyexchange, the SUSY-particle exchange with the R -parityviolating interaction and others in addition to the lightexchange process. Spectroscopic studies of the energy and angular correlations of the two beta rays are used to identify the mass term from the right-handed current terms, as discussed in §2. Nuclear matrix elements depend on the nuclear structures and nuclear currents and thus on the 0 processes involved. 6, 68) Then experimental studies of the ground and excited states in various nuclei, together with theoretical studies of their matrix elements, are valuable for determining the 0 process and the effective mass.
Experimental studies on À À decays to excited states and þ and EC decays are also interesting from experimental viewpoints. The 0 decay to excited states can be measured in coincidence with -rays from the excited states, while the 0 þ =EC decay in coincidence with the positron annihilation -and X-rays. Thus the experiments can be almost free of backgrounds.
Detectors for experiments and detector sensitivities
for the mass Experimental studies of decays must be carried out with high-sensitivity detectors at low BG underground laboratories in order to identify the very rare 0 signal in the low-energy region. The number of the 0 signals detected by the detector for a t year run is given, using the signal rate N S per y, as where T 0 ; N and are the 0 rate, the total number of the isotopes and the detection efficiency, respectively. For practical use, the number of the isotopes N with the mass number A is expressed by n in units of ton.
In the case of low-energy experiments, most detectors are not entirely free of background (BG) signals even after severe selections (cuts) of the true signal. The number of remaining BG signals is expressed, using the BG rate N B per year, as
where B and B are the BG rate per nucleus and the BG rate per one ton of isotopes. In case (A) of N B % 0, one can neglect BG, and one may require N S t ! 3 for a nonzero 0 count with % 95% CL. In case (B) of N B 6 ¼ 0, the number of true signals must exceed the fluctuation of the number of BG signals, i.e., N S t ! ðN B tÞ 1=2 . These conditions are expressed in terms of the detector sensitivity S D defined as
The mass sensitivity of the experiment is defined by the minimum effective mass m ðminÞ to be observed by the detector. Then the mass sensitivity for the t y run is written, using the nuclear and detector sensitivities of S N and S D , as
where S stands for the mass sensitivity. The minimum effective mass to be measured in a one year run is given by m ðminÞ ¼ S À1 . Case A is an ideal case with no BG. Using a typical run time of t ¼ 5 (y), the required sensitivity for m is 5S N S D ! m
À2
. Since the nuclear sensitivity for À À nuclei with large Q is of the order of 10 À24 (eV) À2 , one needs detectors with S D % 0:2 Â 10 28 in order to measure the effective mass of $0:01 eV. Assuming % 1:0 this corresponds to N ¼ 0:6 Â 10 28 % 1 ton for A % 100. In practice, detectors suffer from BG signals even with stringent selection of the true signals and stringent rejection (cut) of BG events. Hereafter, we use t ¼ 5 (y). Since the mass sensitivity is proportional to t À1=4 , one gets only 20% improvement by doubling the run time. Then the required detector sensitivity for m is
Then the mass sensitivity m ðminÞ of the experiment with t ¼ 5 (y) is expressed in terms of practical units as
where s N is the nuclear sensitivity in units of 10 À24 (eV) À2 , as given in Table III .
In order to establish the nonzero 0 process, one may require the 0 peak (signal) yield to be larger than 2, being the statistical fluctuation of the number of the BG events in the 0 window. Then the mass sensitivity is given as m ðminÞ ¼ 9:5=s meV (2 CL).
Nuclei with large S N are found in the medium heavy mass region with A ¼ 70 {140. In the case of the isotope with A % 60 and a detector with % 0:6, one gets m ðminÞ % 11=½ðs N Þ 1=2 ðn =BÞ 1=4 meV. Thus ðs N Þ 1=2 and ðn =BÞ 1=4 are key elements of the nuclear and detector sensitivities. Nuclei with s n larger by a factor of 10 leads to a smaller m by a factor of 3, while one needs a detector with n larger or B smaller by a factor of 100 to reduce m ðminÞ by a factor of 3.
Signal selection and BG rejection
It is crucial for high-sensitivity experiments to use highsensitivity detectors with large amounts of isotopes and extremely low BG rates. There are two BG components, one from natural and cosmogenic RI impurities and the other from the tail of the 2 spectrum in the 0 window. Then the BG rate is expressed as
where B RI and B are the BG rates from the RI and the 2 tail, respectively. They are written as
where ÁE is the energy resolution in units of keV (energy window for the 0), b RI is the RI rate per keV per 1 ton of isotopes, 2 is the efficiency of the 2 signal in the energy window (E-cut) and T 2 is the 2 rate per year. In the following, we discuss several key elements for high-sensitivity detectors.
Selection of isotopes
Use of isotopes with large Q is effective for reducing the BG rate B RI as well as for increasing the nuclear sensitivity s N , as discussed in §3. Energy signals from natural and cosmogenic RI's are mostly below 3 MeV. Thus isotopes with Q ! 3 MeV can be generally free of RI BG.
Most nuclei used for high-sensitivity experiments have natural abundance of the order of 5 -10%, except 130 Te. Accordingly, they are isotopically enriched in order to reduce the BG rate per nuclei whenever the enrichment is realistic.
Since RI BG's are mainly due to RI's in the source, the BG rate b RI per 1 ton of isotopes is inversely proportional to the enrichment. In the case of the isotope with the natural abundance of 10%, the rate is reduced by a factor of 8.5 by using the 85%-enriched isotopes. Then the mass sensitivity will be improved by a factor of ð8:5Þ 1=4 % 1:7. This is a substantial factor in the effective mass.
It is noted that BG's from the 2 rate are independent of the enrichment. Accordingly, the enrichment does not improve the sensitivity when BG's in the 0 window are mainly due to the tail of the 2.
The use of enriched isotopes is effective for reducing the total volume of the detector by one order of magnitude.
Energy resolution
The energy resolution ÁE is a key element in the search for a small 0 peak among the continuum BG spectrum from RI and 2. Setting the 0 energy window as ÁE ¼ FWHM, the 0 peak efficiency is % 0:7. Then the minimum mass increases by a factor of À1=2 % 1:2.
Since the RI BG rate in the 0 window is proportional to ÁE, the mass sensitivity is proportional to ðÁEÞ 1=4 . Then improvement of the resolution by a factor of 2 leads to the improvement of the mass sensitivity by a factor of 1.2 if the BG's are mostly due to RI impurities.
The 2 rate in the 0 window is proportional to ðÁEÞ 6 . It is very sensitive to the energy resolution. The rate is written as
where the efficiency is rewritten as 2 ¼ 2 2 ðÁE=Q Þ 6 . For nuclei with T 2 ¼ 10 À19 {10 À20 /y, the FWHM resolution must be around ðÁE=Q Þ $ 7% or less in order to obtain 2 10 À8 and B 10 as required for the mass sensitivity of % 30 meV.
The mass sensitivity is proportional to B 1=4 $ kðÁE= Q Þ 3=2 if BG is mainly due to the 2 tail. Then the improvement of the resolution by a factor of 1.4 results in the reduction of the minimum mass by a factor of 1.7. It is interesting to note that the key element in the mass sensitivity is the ratio of T 0 to p ðT 2 Þ. This ratio is expressed in terms of Q as
where k 0 ; k 2 , and k are the proportionality constants. The ratio depends only on the relative resolution Q =ÁE. Then one may study the 0 to the excited 0 þ state using the same detector if one gets adequate 0 rate for the excited state as well.
In calorimetric experiments, high-resolution semiconductor detectors or cryogenic detectors are used, where the source is the same as the detector. The energy resolution is of the order of ÁE % 5 keV, i.e., (ÁE=Q Þ 6 % 10 À16 . Thus the 2 BG is negligible and the BG's are mainly RI BG's.
For spectroscopic experiments with source 6 ¼ detector we can use nuclei with high Q and identify the true signal and eliminate other BG signals by measuring individual -rays. Thus RI BG's are greatly reduced. On the other hand, the energy resolution is typically of the order of 5% in FWHM (2.1% in ). Thus the major BG is the tail of the 2.
Natural and cosmogenic RI impurities
Contributions from natural and cosmogenic RI's depend largely on the location of the RI and the decay pattern. Natural RI's are internal RI impurities in the source and the detector elements and external RI impurities in the shields and the wall around the detector. Cosmogenic RI's are mainly long-lived RI's in the source and detector components, which are produced by cosmic rays incident on the surface. Cosmogenic RI production rates at underground laboratories are much lower than those on the surface since the cosmic ray flux is several orders of magnitude lower at underground laboratories.
The BG rate per y per one ton of source is expressed as
where b RI is the RI activity in units of Bq per one ton of the detector, RI is the efficiency of the RI BG in the 0 window (cut), and r is the relative weight of the source in the detector. Then one needs to reduce the amount of RI impurity b RI by using pure source and detector elements and reduce the efficiency RI via various kinds of severe selections (cuts) of the signals. External RI BG may be reduced by adopting proper passive shields such as old lead and/or high-purity copper bricks. Internal RI BG can be reduced partly by using highpurity detector components and partly by using stringent rejection of the RI events through on-line and off-line analyses.
In the case of calorimetric methods with detector= source, the ratio is r ¼ 1{ 0:5, depending on the isotope enrichment and the chemical composition. Then the purity level of the order of b RI $ 10 À3 Bq per ton and the cut efficiency of the order of RI % 10 À4 are required to get B 10 and the mass sensitivity of around 20 -30 meV.
Here the purity of b RI $ 10 À3 Bq per ton corresponds to 0.08 ppt of 238 U chain isotopes and 0.22 ppt of 232 Th. The purity is just realistic with the present technique.
95) The efficiency of RI % 10 À4 can be obtained by applying the stringent ÁE energy window (cut) (% 2 Â 10 À3 in the case of the Ge detectors and bolometers) and by spatial and time correlation analyses as discussed later.
In the case of spectroscopic methods with detector 6 ¼ source, the ratio is r ¼ 0:1{ 0:05. Spectroscopic measurements for two individual trajectories require good position resolution. Selection of nuclei with Q approximately 3 MeV or larger makes it possible to set the energy threshold at around 3 MeV, where most RI signals fall off. Thus it is possible to reduce the efficiency to the level of RI % 10 À6 by using a modest energy window (ÁE= Q % 5 Â 10 À2 ), a high-energy threshold and by stringent spatial and time correlation analyses. Consequently, the BG rate from detectors with a realistic purity of b RI % 10 À3 Bq per ton can be negligible.
Signal selection by spatial and time correlation
analyses Spatial and time correlation analyses of energy deposits in detectors are used to select true 0 signals and to reject BG signals from natural and cosmogenic RI impurities. 96) Natural and cosmogenic RI BG's which contribute to the 0 window are associated mostly with -and X-rays as well. Since -and X-rays pass through the detector for about 1-10 gr/cm 2 , the -rays and electrons associated withand/or X-rays deposit their energies at multi spots. On the other hand, two -rays from decays to the ground state deposit their energy at a small spot in space. SSSC (Signal Selection by Spatial Correlation analyses) is used to select signals and eliminate BG signals by measuring the spatial correlation of their energy deposits. SSSC is effective for reducing -rays followed by -rays, Compton electrons followed by Compton -rays, and conversion electrons followed by X-rays. The spatial resolution Áx required for SSSC is Áx ( l, where l is the mean absorption length of the -ray. The mean length is of the order of 1 gr/cm 2 for hard X-rays and 15 gr/cm 2 for 2 MeV -rays.
Spectroscopic detectors with modest position resolution of the order of a few mm eliminate most of the RI BG associated with X/-rays by means of SSSC, and remaining BG is due to single-decays to the ground state.
In the case of calorimetric detectors, pulse shape analyses provide spatial information to select signals and to reject signals involving -rays. Segmentation of detectors helps reduce events by requiring single hit (multiplicity 1). They are discussed in §5.2.
Ejiri showed that many natural and cosmogenic RI's are accompanied by pre-and/or post-=/p decays and they are rejected by delayed anticoincidence with the pre-and/or post-decays. 96) The time interval for the -delayed coincidence is on a weak time scale of the order of 10 3 -10 6 s in contrast to the EM scale of the order of 10 À6 -10 À10 s. The delayed coincidence for such a long time interval is possible only in rare decay experiments with highly segmented detectors.
SSTC (Signal Selection by Time Correlation analyses) is essentially BG rejection by anticoincidence with correlated pre-and/or post-decays. The reduction efficiency of the BG from B ! C by anticoincidence with the pre-decay of A ! B is given by
where t is the probability of the preceding decay in the time interval of ÁT and s is the detection efficiency of the predecay of A ! B. Using the time interval of ÁT ¼ 5 Â half-life of B, one gets t ¼ 97%. For -, -and X-rays with energies well above the detector threshold, one gets s ! 95%. Thus the BG efficiency is reduced to 10%, and more than 90% of BG is eliminated by SSTC. In fact, SSTC cuts a little true 0 signals by accidental coincidence with the decay of A ! B in the time interval of ÁT. The loss is given by the ratio of the accidental coincidence rate R AC to the true signal rate R T ,
where RðAÞ is the A ! B decay rate per t y and K À1 is the position resolution in units of ton. K is the number of segments per ton in the case of a segmented detector. Using a modest RI impurity of RðAÞ % 10 À2 Bq ¼ 3 Â 10 5 / y t and a typical time interval of ÁT ¼ 3 Â 10 À3 y (1 day) and K ¼ 10 5 , the ratio is of the order of 1%. Thus the loss is almost negligible.
Present status of experiments
Experimental studies of neutrino-less double beta decays have been carried out extensively so far and are currently in progress. Detectors and isotopes are selected so as to optimize the net mass sensitivity of S ¼ ffiffiffiffiffiffiffiffiffiffi ffi S N S D p , where S N and S D are the nuclear and detector sensitivities, respectively.
Real-time studies of 0 have been carried out on several nuclei with large nuclear sensitivity S N using various types of high-sensitivity detectors with large S D . The details of recent experiments are found in reviews [4] [5] [6] 20, 21) and the compilation of the data. 25) Nuclei used in experiments are selected by taking into account the matrix element, the phase space, the Q value, the isotopic abundance (A) and the feasibility of isotope separation. Large Q values help improve signal-to-BG ratios since the phase space is proportional to 32) The corresponding mass limits are 0.7 -1.2 eV and 1.3 -3.2 eV, respectively. The data will be improved by conducting further experiments, as discussed in §5.2.
Recently, a claim for the 0 peak in the 76 Ge spectrum was made by part (KKDC) of the HM group.
31) The peak yield gives the half-life of 1:19 Â 10 25 y, which corresponds to the effective mass of 0.44 eV by using their nuclear matrix element. Several groups, [102] [103] [104] however, have raised serious questions concerning the data analyses and the data handlings. Thus the significance of the peak depends on the choice of the BG window. 103) Two events are single-site events, while BG ones are multi-site events. Thus all events in the observed spectrum should be well understood by careful analyses of sites and origins of the events and possible BG fluctuations.
In fact, the HM data were used first to claim stringent upper limits on the 0 rate, 81) and a separate group of the HM collaboration reported no 0 peak. 105) Since the claimed mass is the large QD mass, the present CUORICINO and NEMO III experiments and future experiments with sensitivity of the QD mass are quite interesting. Double þ ; þ EC and double EC decays have not been well studied since their nuclear sensitivities are rather small because of the small kinematical factors. Experimentally, þ is measured in coincidence with þ À annihilation -rays, and EC with X-rays. Thus RI and cosmogenic BG rates are greatly reduced. In the case of 02EC, the resonance condition enhances the rate, and the monoenergetic -ray can be studied using a high energy-resolution detector.
94) It is noted that 2 rates give þ -side nuclear matrix elements, which certainly provide important information on nuclear structures. Double beta decays to excited states are interesting although the nuclear sensitivity is much smaller than that for the ground state. As discussed in §3, the ratio of 0 rates for the ground and excited states depends on the 0 process.
68) The BG contribution from the 2 tail is smaller than that for the ground-state decay and RI BG rates are reduced by the coincidence with the -ray from the excited state. 100 Mo is a useful nucleus where 0 decays to both the ground and excited 0 þ states are studied, as discussed in §5. In fact, inclusive measurements of decays to excited states in 100 Mo and 150 Nd were made by observing the deexcitation -rays (Barabash 106) ). The observed rates give the 2 rates since the 0 contributions are assumed to be much smaller.
It is noted that the neutrino masses to be studied using the present detectors are limited by their mass sensitivity of m ðminÞ $ 0:2 {1 eV. Among them, CUORICINO and NEMO III are expected to reach the mass region of 0.2 -0.5 eV in the near future. 17, 18, 32) New-generation experiments with higher sensitivity of 20 -30 meV are crucial for studying the mass and the mass spectrum as suggested by oscillation experiments. The detectors necessarily involve large amounts of isotopes of the order of 1 ton in order to get statistically significant signals, and stringent ways to reduce all BG events and to separate true signals from BG signals.
Perspectives of Experiments
High-sensitivity experiments for neutrino masses
High-sensitivity experiments with the mass sensitivity of m A -m S are of vital importance for studying the Majorana nature of neutrinos and the absolute mass scale.
Experimental proposals for future experiments with the mass sensitivity of m A have been made on several isotopes, and R&D works with prototype detectors are now on going for future experiments. Future experiments have been described well in recent review papers and symposium proceedings. 5, [17] [18] [19] [20] [21] Future experiments on À À nuclei with large nuclear sensitivity are listed in Table VII . Here, brief comments are given on some of future experiments and perspectives of studies.
5.2
Future experiments for high-sensitivity 0 À À studies CANDLES for 48 Ca decays CANDLES (CAlcium fluoride for studies of Neutrinos and Dark matter by Low Energy Spectrometers) is an array of CaF 2 crystals to study decays of 48 Ca and dark matter.
107) The proposal is based on the ELEGANT VI experiment with CaF 2 crystals surrounded by CsI active shields.
97) The Q is larger than those of most RI's, but the natural abundance of 48 Ca is only 0.2%. CANDLES aims at studying the QD mass region with 3.2 ton of CaF 2 crystals immersed in a liquid scintillator. The use of enriched isotopes may improve the sensitivity. MAJORANA for 76 Ge decays MAJORANA aims at high-sensitivity studies of 76 Ge decays by means of a high-purity 76 Ge detector array. 108) It is an extension of the IGEX decay experiment with 76 Ge detectors.
30) The detector consists of segmented intrinsic Ge detectors with a total mass of M % 500 kg of Ge isotopically enriched to 86% in 76 Ge. Each detector is divided into N segments. Pulse shape discrimination (PSD) and segmentation of detector (SED) are powerful for reducing various kinds of BG's. Optimization of the size and the number (N) of segments and a possible intermediate step with M % 180 gr are under discussions.
Natural RI impurities are considered to be nearly negligible by stringent material selection and electro-forming of the copper used for the detectors. Then the major remaining BG's are -and -rays from cosmogenic 68 Ge and 60 Co produced in the Ge detectors. Since their decays involve X-and -rays, their contributions are reduced by SSSC with PSD and SED. In fact, PSD reduces the BG rate to 26.5%, and SEG to 15.8%, and thus the net reduction is expected to be 3.8%. An expected sensitivity for an experimental run over 10 years is T 1=2 ¼ 4 Â 10 27 y, which corresponds to a mass sensitivity of 28 -38 meV using the recent QRPA and RQRPA matrix elements. 62, 64) It should be noted that 68 Ge with T 1=2 ¼ 271 d decays by EC to 68 Ga with 67.6 min, which decays mainly by þ to the ground state of 68 Zn. EC is followed by the 10.4 keV K Xray and the 1.3 keV LI X-ray. Thus the BG contribution from 68 Ga can be reduced by SSTC, i.e., by measuring the preceding X-rays in the time interval of ÁT % 5 h. Then the 68 Ge BG rate is reduced further to % 5% by SSTC. The efficiency loss of the true signal is less than 0.5%. The À decay of 60 Co with T 1=2 ¼ 5:27 y is followed by 1.173 MeV and 1.333 MeV -rays. Thus the BG contribution from 60 Co is effectively reduced by SSSC with cm-order position resolution, which is possible by PSD and SED.
Active shields may be used to reduce 60 Co and other RI impurities in Ge detectors and detector components (Cu, etc.) around the Ge crystals. In the case of a Ge detector array with close-packed 500 Ge detectors, outer segments of the outermost detectors may be used as active shields. The Ge segments/detectors in the inner region are well selfshielded. The reduction factor of around 10 may be expected by active shield. The active shield is effective also for reducing external BG's from Cu, Rn, and lead shields. Currently, liquid Ar active shields are under consideration.
MEGA with multi Ge detectors and SEGA with segmented Ge detectors are being used to study the feasibility of MAJORANA, decays to excited states, and others.
GENIUS and GERDA are experiments with enriched 76 Ge detectors to study double beta decays of 76 Ge. GENIUS uses 1 ton of bare Ge crystals in liquid nitrogen, 109) while GERDA puts them in liquid argon. 110) Here the liquid argon serves as an active shield. GERDA collects the HM and IGEX enriched Ge crystals.
MOON for
100 Mo decays MOON (Molybdenum Observatory Of Neutrinos) 111) for 100 Mo decays is a ''hybrid'' and solar experiment with 100 Mo to study the Majorana masses with a sensitivity of 20 -30 meV and the pp and 7 Be solar 's. MOON is based on the recent studies of 100 Mo by ELEGANT V 98) and the solar studies by SNO.
10)
The isotope 100 Mo, which has large nuclear responses for both decays and low-energy solar 's, is the only realistic isotope that satisfies the conditions for both the -and the low-energy solar-studies by two -ray spectroscopy. The level scheme of 100 Mo is shown in Fig. 9 . The sensitivity for the mass study is quite high since the large Q value of Q ¼ 3:034 MeV gives a large phase-space factor G 0 to enhance the 0 rate and a large energy sum of E 1 þ E 2 ¼ Q to place the 0 energy signal well above most RI BG's.
Double beta decays to both the ground and the 1.132 MeV excited 0 þ states are studied with the mass sensitivities of hm i % 25 meV, as discussed in §3.4. The 2 tail in the 0 window is much less for the excited state, and other RI BG's are reduced by requiring coincidence with the -rays from the excited state.
MOON is a spectroscopic study of two -rays (charged particles). The rays are measured in prompt coincidence for the 0 studies, while the inverse -decay induced by the solar and the successive decay are measured sequentially for the solar-studies. The MOON for lowenergy solar 's is discussed in §6.
The energy and angular correlations for the two -rays identify the -mass term for 0. Since -events can be tightly localized in space and time windows, selection of 0 and solar-signals and reduction of correlated and accidental BG's are made by means of SSSC and SSTC.
MOON has 100 Mo isotopes of an order of 1 ton to get an adequate signal rate, the energy resolution of % 2:5% at E ¼ Q to reduce the 2 tail in the 0 window, and the position resolution of 10 À8 per ton to reduce 2 and RI accidental coincident BG events and modest RI impurities of the order of or less than 10 À3 Bq/ton (0.1-0.2 ppt of U and Th). This purity is quite realistic. 95) Enriched 100 Mo isotopes with 85 -90% enrichment are obtained by centrifugal separation of MoF 6 gas.
Research and development programs of solid and liquid detectors are in progress. A possible option for the solid detector is a supermodule of hybrid plate and fiber scintillators. One module consists of a plate (PL) scintillator and two sets of X-Y fiber scintillator planes, between which a thin 100 Mo film is interleaved. The fiber scintillators coupled with multi-anode photomultiplier tubes (PMT's) enable one to get the necessary position resolution of % 10 À9 ton and the scintillator plate (X-Y plane) with multi PMT's at both X and Y sides provides an adequate energy resolution to satisfy the physics goals.
Feasibility study of enriched 100 Mo isotopes in ton scale has been made by the centrifugal separation of MoF 6 gas. Using 6000 centrifuges and 40 separation steps, 100 Mo isotopes with % 85% enrichment are obtained at a rate of 350 g per day, and half a ton in 5 years.
The sensitivity of the MOON detector with 1 ton of 100 Mo is expected to be T 0 1=2 % 7:7 Â 10 26 y for a 5 y run with the expected energy resolution of % 3%. The mass sensitivity is 22 meV with the QRPA matrix element of M 0 ¼ 3. Currently, a prototype MOON (MOON 1) with 1 kg of 100 Mo is under construction. It will be set in the Cu-Pb shield container used for ELEGANT V.
MOON with source 6 ¼ detector may be used to study other isotopes such as 82 Se, 150 Nd and 116 Cd by replacing Mo isotopes with other isotopes.
NEMO III and SuperNEMO
The sensitivity of NEMO III will be improved by eliminating the Rn BG contribution. The expected sensitivity for a 5 y run is 4 Â 10 24 y for 100 Mo and 8 Â 10 23 y for 82 Se, corresponding to the effective masses of 0.2 -0.35 eV and 0.65 -1.8 eV.
32) A much larger project with 100 kg of source is under consideration to search for the smaller mass below 0.1 eV.
CUORICINO and CUORE
The cryogenic bolometer with a high energy resolution has been developed for experiments by the Milan group. 18, 118) CUORE (Cryogenic Underground Observatory for Rare Events) 114) is a calorimetric detector to measure the 0 of 130 Te with Q ¼ 2:529 MeV. CUORICINO, which is a prototype for CUORE, is now running. 17, 18) It consists of 64 TeO 2 crystals with the total mass of 41 kg.
Merits of studying the 130 Te decay are the large natural abundance of 34% and the large ratio of Te in the TeO 2 crystal. The Q value is just in between the photo-and Compton peaks of the 208 Tl 2.615 MeV -ray. The major BG's are due to surface contamination of RI's. The current BG rate is 0.19 per keV per kg per y and the energy resolution in FWHM is about 8 keV. Then the expected sensitivity for the 3 y run is around T 1=2 % 1:5 Â 10 25 y, and the corresponding mass sensitivity is 100 -300 meV, depending on the nuclear matrix element used. Thus it is a good detector for the QD mass region.
CUORE is a scaled-up version of CUORICINO. It consists of 988 TeO 2 crystals with the Te mass of 600 kg. The net 130 Te mass is 203 kg. The CUORE group expects to reduce the BG rate to 0.01-0.001 per keV kg y and improve the energy resolution to 5 keV. Then CUORE aims at the sensitivity of T 1=2 % ð1{ 3Þ Â 10 26 y for a 5 y run, and the corresponding mass sensitivity of (24 -130) to (16 -90) meV, depending on the nuclear matrix element. 17, 18, 114) Then the BG is mainly the high-energy tail of the continuum 2 spectrum. Assuming no BG other than the 2 tail in the 0 window, the 1 ton enriched Xe detector with an energy resolution of ¼ 2:8% gives a sensitivity of T 1=2 % 8:3 Â 10 26 y for a 5 y run. The 10 ton Xe detector with the improved energy resolution of ¼ 2% will give the sensitivity of 1:3 Â 10 28 y. The mass sensitivities are 51-150 meV and 13 -37 meV for the one ton and 10 ton detectors, respectively, depending on the nuclear matrix elements.
Presently, a 200 kg detector is under construction to be deployed at WIPP. The EXO group hopes to achieve an energy resolution of 1-1.5% in at the Q of 136 Xe by exploiting the anticorrelation between scintillation and ionization in the Xe detector. 120) XMASS is a large liquid Xe scintillator to study dark matter and solar neutrinos as well as 136 Xe double beta decays.
116) A prototype detector is now under progress. The expected energy resolution is around a few percent at 1 MeV.
DCBA for
150 Nd decays DCBA (Drift Chamber Beta-ray Analyzer) uses a tracking chamber in a magnetic field to study 150 Nd decays.
117)
The energy is obtained by the -ray trajectory analysis. Then þ À and BG's are well eliminated. The energy resolution is crucial to the reduction of the BG contribution from 2. The DCBA group plans to build 40 modules, each consisting of a 1.8 m 3 drift chamber with 15 kg source. The goal is to achieve the half-life sensitivities of 10 25 y and 10 26 y with natural and enriched 150 Nd sources, respectively.
Application of Detectors to Astroparticle Physics
High-sensitivity detectors can be used for other lowenergy experiments of rare nuclear decays and rare nuclear processes. Here, we discuss several rare nuclear processes to be studied using detectors. Experiments discussed are i) low-energy solar studies by measuring inverse decays, ii) cold dark matter search by nuclear scatterings, and iii) charge non-conservation and baryon number nonconservation in nuclei.
Solar studies by inverse decays
100 Mo has large nuclear responses for low-energy solar 's as well as for decays. The charged-current solar 's are studied by measuring the inverse decays from solar capture into 100 Mo in delayed coincidence with the successive decay from 100 Tc. The energy region of the inverserays and the signal rates for the pp and 7 Be solar 's are the same as those for experiments. Thus MOON for decays of 100 Mo is used for real-time studies of the lowenergy pp and 7 Be 's.
111)
The low threshold energy of 0.168 MeV and the large response for solar-absorption allow the observation of lowenergy sources such as pp and 7 Be. The pp and 7 Be 's are captured only into the ground state of 100 Tc, the capture rate of which can be obtained from the EC capture rate. 76) The solar signal can be selected by requiring delayed coincidence with the successive decay of 100 Tc, and thus natural and cosmogenic RI BG's are greatly reduced.
The measurement of the charged-current 7 Be solar is used to confirm the LMA oscillation. The charged-current 7 Be , together with the integral measurement of the charged-current solar with 71 Ga, gives the pp flux with a precision of around 5%.
The charged-current capture rates for individual solar sources are derived from the BðGTÞ values measured from the charge exchange ( 3 He,t) reaction 75) at the RCNP cyclotron laboratory. The solar capture rates deduced from the measured GT strengths are shown in Table VIII. 111) Here, capture rates for other nuclei are also shown.
The raw count rates per year per ton of 100 Mo are expected to be 121 and 39 for the pp and 7 Be 's, respectively, without oscillation, and around 70 and 20 with the LMA oscillation.
Most RI-BG events are removed by SSSC and SSTC, and the major BG source for the low-energy solar is the accidental coincidence of the 2 in the time window of ÁT ¼ 2T 1=2 % 0:5 min, T 1=2 being the half-life of 100 Tc. Position resolution, i.e., inverse of the number of detector segments per ton, of the order of 10 À9 ton is required to reduce the 2 accidental coincidence rate.
It should be noted that the 0 rate for hm i ¼ 50 meV of the present interest is around 130 SNU, which is nearly the same as 110 SNU for the LMA 7 Be rate. Thus the same MOON detector with one ton of 100 Mo can be used for both the 0 and the low-energy solar experiments. 100 Mo with the low threshold energy for the capture has been shown to have large charged-current responses for supernova neutrinos.
122) Thus a MOON-type detector can be used to study the low-energy spectrum of supernova e 's and the x ! e oscillation by using thick natural n Mo plates of $100 tons in place of thin 100 Mo foils.
6.2 Ge and NaI detectors for dark matter experiments DM (dark matter) is of great interest from cosmological and particle physics viewpoints. The combined observations of the CMB (Cosmic Microwave Background) 46) and the WMAP data, 47) together with the arguments of the Big-Bang nucleosynthesis and the growth of the structure in the universe, give the flat universe with the cold DM (CDM) density of C % 0:3. CDM is mainly exotic WIMPs (Weakly Interacting Massive Particles). LSP(lightest Supersymmetric Particle) is likely to be a candidate of WIMPs. It is very interesting to search for WIMPs in views of SUSY and particle physics beyond the standard theory.
CDM is studied by measuring nuclear recoil from elastic scattering. Then an experimental search for CDM requires high-sensitivity low-energy detectors since the recoil energy is very low and the signal rate is extremely rare. The energy region to be studied is around 2 -30 keV and the cross section with a single proton is of the order of 10 À6 -10 À8 pb. The DAMA group 123) claims observation of CDM from the annular modulation, 124) while other data show no CDM signals in the region. 125, 126) CDM can be studied by measuring inelastic scattering 127) and atomic electrons.
128)
Schematic diagrams for elastic and inelastic scatterings of WIMPs are shown in Fig. 10 . MAJORANA, 108) which is primarily for 0 of 76 Ge, is used to study WIMPs by measuring nuclear recoil from elastic scattering. Merits of using MAJORANA are the low BG rates in the low-energy region, the low threshold energy and the large mass of around 0.5 ton.
The close packing of the crystals makes it possible to reduce BG contributions from external RI and neutrons, and the segmentation and the PSA eliminate BG -rays as in the case of the experiment. The expected BG rate in the energy region of the interest is around 5 per keV per ton per day. Segmentation is effective for reducing the threshold energy to 0.75 keV. The large mass is crucial for studying the annular modulation by high statistics measurements of the recoil energy spectra.
The sensitivity of MAJORANA for 50 GeV WIMPs is ð3 { 5Þ Â 10 À8 pb. This is just the region expected for LSP-WIMP and is two orders of magnitude smaller than the DAMA region. Thus MAJORANA can be a sensitive detector to search for LSP and to prove or disprove the DAMA data. ELEGANT (ELEctron GAmma-ray Neutrino Telescope) V is the high-sensitivity detector 29) used to study decays from 100 Mo and 116 Cd. It has a large NaI scintillator array with 0.76 tons of low-BG NaI crystals, which are used for rejecting BG electron events followed by -rays. NaI is sensitive to spin-independent WIMPs since the coherent cross section is proportional to the square of the neutron number (73) of 127 I, and also to spin-dependent WIMPs since NaI consists of 100% odd-A isotopes. The large mass is powerful for studying the annular modulation. Accordingly, the NaI array has been used to study WIMPs by Fushimi et al.
129)
6.3 Charge nonconservation and baryon number nonconservation Nuclei are used to study conservation laws and symmetries by searching for rare nuclear decays that violate conservation laws and symmetries. The lepton number conservation law is just the conservation law that is studied by searching for the 0 decay in nuclei, as discussed extensively in this review. High-sensitivity detectors can be used to study conservation laws such as the charge conservation, the baryon number conservation and the Pauli principle.
Charge nonconservation (CNC) has been studied by searching for various kinds of charge nonconserving processes, as given in recent work 130) and references therein. The rare atomic and nuclear processes to be studied using high-sensitivity low-energy detectors are 131) e3 mode e
The decay diagrams are shown in Fig. 11 . K X-rays, -rays and -rays, which are associated with CNC, are studied using high-sensitivity detectors. Actually, high-sensitivity Ge detectors, the large NaI detector array of ELEGANT V and other detectors for experiments have also been used to study the charge conservation law by searching for CNC X-rays and CNC -rays.
The upper limits obtained for the CNC decay rates are around T CNC ¼ 10 À22 {10 24 /y, which are of the same order of magnitude as the limits on 0 rates. The limits lead to the following upper limits on the relative CNC coupling strengths:
10
À30 and 2 10 À40 for the weak and EM processes, respectively. K X-rays from neutral atoms are forbidden by the Pauli principle. Alternatively, the upper limit on the K X-ray emission gives the limit on the non-Paulian atomic transition. The limit on the relative rate of the non-Paulian decay rate with respect to the normal K X-ray rate is around 10 À46 . The details of the CNC studies are found in recent works and references therein. 130, 131) In the case of the À À decays of AðZ; NÞ ! BðZ þ 2; N À 2Þ, single-decays of A ! C þ e þ " to the intermediate nuclei CðZ þ 1; N À 1Þ are energetically forbidden because of M A < M C þ m e , where M A ; M C and m e are the masses of A, C, and the electron. CNC decays of A ! C þ þ "
, however, are possible if M A > M C . Then CNC decays are studied using such À À nuclei. Experimentally, they are measured by observing the single-decay from CðZ þ 1; N À 1Þ to BðZ þ 2; N À 2Þ and/or the -ray following the single-decay. 100 Mo is used to study CNC as well as 0 since the single-À Q value is À0:168 MeV, while the CNC single " decay has the positive Q ¼ 0:343 MeV. Then the future detector MOON can be used to study the CNC " in the region of T CNC % 10 À27 per year. The corresponding relative CNC strength is 2 W % 10 À31 . The baryon number nonconservation has been extensively studied by measuring proton decays. Nucleon decays in nuclei leave nucleon holes in nuclei, a single hole in the case of a single nucleon decay and multi holes in the case of multi nucleon decays. Then they can also be studied by searching for -rays associated with deexcitation of the nucleon hole in the nucleus. 132) Such -ray studies are very useful for studying invisible decays of N ! 3. Future ton-scale detectors may be useful for studying the invisible decay rate in the region of T % 10 À30 /y.
Concluding Remarks and Discussions
Neutrino-less double beta decays (0Þ are of great interest for studying fundamental properties such as the Majorana nature and the absolute mass scale. High-sensitivity studies of 0 decays with the mass sensitivity of the order of 10 meV and reliable evaluations of the 0 matrix elements are crucial. Here, we give briefly concluding remarks on the decays and neutrinos with emphasis on future high-sensitivity experiments. 
Double beta decays and neutrinos
It is shown that 0 is a unique and sensitive probe for neutrino physics beyond the standard electroweak model (SM). The 0 event provides evidence for the Majorana nature of the neutrinos, and the 0 rate gives the absolute mass scale, the mass spectrum, and the Majorana phases for the light-exchange process. In the cases of the heavyexchange or SUSY particle exchange process, the 0 rates give relevant particle and interaction parameters beyond SM.
Recent oscillation experiments provide the masssquare differences and the mixing angles. They are used for evaluating the effective mass hm i to be studied by 0. The region of the effective mass is constrained from the cosmological observations. Then hm i is of the order of 1 meV and 10 meV in case of the NH (normal mass hierarchy) and IH (inverted one), respectively, while it is of the order of 100 meV if the masses are quasi degenerate (QD). The effective mass depends on the Majorana phases.
High-sensitivity experiments with mass sensitivities of hm i ¼ 20 { 30 meV are of great interest for studying the Majorana nature of neutrinos and the mass spectrum in the case of QD and IH, and those with hm i ¼ 2 { 3 meV for the Majorana nature of the neutrinos and the absolute mass scale in the case of NH.
The major 0 process is the exchange of a virtual Majorana neutrino between two nucleons in a nucleus. The distance between the nucleons is so short that the decay rate is greatly enhanced by the large phase space factor. Since single-decays are energetically forbidden, one can be free of huge BG single-rays. These make it possible to observe the very rare 0 signal and to study the extremely small mass. Thus nuclei can be regarded as microscopes with a large enlargement factor for true signals and a large filtering power to reject BG signals.
Nuclear responses for neutrino-less double beta decays
Since decays are nuclear weak decays, the nuclear weak response for 0 is necessary for extracting the effective mass from the 0 rate. The response is given by the nuclear matrix element M 0 . The response is very sensitive to the nuclear spin-isospin correlations and the nuclear interaction parameters. Actually, calculated matrix elements spread over AE50%, depending on the models and parameters used for the calculations. Theoretical calculations of M 0 within 20 -30% are of vital importance in the study of the mass spectrum, the absolute mass scale and the Majorana phases.
Experimental study of nuclear structures relevant to 0 decays are also important. Charge exchange nuclear reactions such as ( 3 He, t), (t, 3 He), (d, 2 He), IAS -rays, and À capture reactions are used to obtain the spin-isospin responses. Since the 0 process involves higher multipoles, spin-isospin responses for 1 þ , 2 À , 3 þ and so on are interesting.
The use of beams is a direct way for studying the weak responses. Since cross sections for -induced reactions are as small as 10 À40 -10 À42 cm 2 , one needs high-flux beams and large-volume detectors. The high-intensity 3 GeV synchrotron at J-PARC provides intense protons, which are used to get intense beams. Then high-flux 's of 10 14 per sec may be obtained from -decays. Such intense beams are used for studying nuclear responses relevant to 0 and other nuclear responses of astrophysics interests. M 0 may be expressed as a separable form of M 0 ðkÞ % AE J ½M S ðJÞM S 0 ðJÞ=Á S ðJÞ, where M S ðJÞ and M S 0 ðJÞ are nuclear matrix elements for single-decays through the intermediate states J. The single-matrix elements can be obtained experimentally by using nuclear, and beams, as discussed above.
Present status of experiments
High-sensitivity detectors are required for studying 0 decays since they are very rare and low-energy processes. The mass sensitivity is given by the product of the nuclear sensitivity and the detector sensitivity. The nuclear sensitivity is approximately proportional to Q 5 and jM 0 j 2 . Thus nuclei with large Q of 2 -3 MeV are used.
The detector sensitivity is expressed in terms of the number of isotopes N and the BG rate B in the 0 window after various signal selections and background reductions (cuts). In order to achieve the mass sensitivity of the order of m A =2 % 25 meV, one needs detectors with N % one ton and B 10 per year per ton isotopes. Isotopic enrichment of the isotope is useful for reducing the BG rate per unit volume of isotopes and for minimizing the detector volume.
Energy resolution is a key element in selecting the 0 signal and reducing the BG contribution from the tail of the 2 and natural/cosmogenic RI's. Most 's/electrons from RI decays are associated with -and/or X-rays, and preand/or post-= decays. Enriched Ge detectors and TeO 2 bolometers, which are made of Ge and Te isotopes, are promising detectors because of the high energy resolution of the order of 10 À3 in and the low BG rates. They are almost free of 2 BG. Presently, experiments with these detectors give stringent limits of hm i 0:3 {1 eV, depending of the nuclear matrix elements.
Spectroscopic methods with detector 6 ¼ source have been used to study decays from nuclei such as 82 Se and 100 Mo. ELEGANTs, NEMO II, NEMO III and other detectors have been used, where individual trajectories are measured. Then the angular and energy correlations are used to confirm the 0 process due to the Majorana mass term. The energy resolution is around ð3 { 5Þ Â 10 À2 in . Then the major BG contribution to the 0 window comes from 2. The presently running NEMO III gives a limit of around 0.7 -1.2 eV on hm i. The limit will be improved in the near future.
The masses to be studied in the presently running experiments are limited, by the detector sensitivities, to be around hm i ¼ 0:2 { 0:5 eV depending on the nuclear matrix element. In order to improve the sensitivity to m A =2 % 25 meV, one must increase the total mass of the isotopes by 2 orders of magnitude and reduce the BG rates by two orders of magnitude. Such high-sensitivity experiments can be carried out by means of next-generation detectors.
Perspectives of decay experiments and neutrino
studies New-generation experiments with the mass sensitivities of atmospheric and solar mass differences of m A % 50 meV and m S % 8 meV, respectively, are of vital importance in studies of neutrinos and weak interactions beyond SM.
Next-generation detectors with the mass sensitivities of m A =2 % 25 meV will find the 0 if the neutrinos are Majorana in nature and inverted in hierarchy, and accordingly will establish the IH Majorana mass. Several R&D programs for such next-generation detectors are under development.
MAJORANA aims at high-resolution studies of 76 Ge 0 decays using half-ton Ge detectors enriched in 76 Ge. BG from natural and cosmogenic RI's is reduced by the pulse shape analysis and the segmentation of the detector. Then the expected half-life sensitivity for a 10 y run is 4 Â 10 27 y, which corresponds to the mass sensitivity of around 30 meV.
MOON is a spectroscopic experiment of 0 decays from 100 Mo with the large Q of 3.034 MeV. Energy and angular correlations are used to identify the 0 process due to the mass term. One option of the MOON detector is a super module of plate and fiber plastic scintillators to get adequate energy resolution of $ 3% and fine position resolution of around 10 À8 per ton of 100 Mo. The BG rate for RI's are negligibly small by SSSC and SSTC. The expected half-life sensitivity is 0:7 Â 10 27 y, and the corresponding mass sensitivity is 25 meV.
CUORE is used to study 0 decays from 130 Te by means of high-resolution TeO 2 bolometers. The detector consists of 1000 TeO 2 crystals, each with 0.2 kg of 130 Te. The expected energy resolution and the RI-BG rate are 2.5 keV in and B % 1/y ton. The half-life sensitivity is around 10 26 y, corresponding to the mass sensitivity of around 30 meV.
EXO is used for studying 0 decays of 136 Xe. The detector is made of 10 -100 ton of enriched 136 Xe isotopes. A unique point of this experiment is the use of laser spectroscopy to select the decay product of 136 Ba and reject other BG RI's. The expected half-life sensitivity with 10 ton 136 Xe and ¼ 2:3% resolution is 8:3 Â 10 26 y for a 5 y run, and the sensitivity with 100 ton 136 Xe and % 2% resolution is 1:3 Â 10 28 y for a 10 y run. The corresponding mass sensitivities are 51-140 meV and 13 -37 meV, respectively.
Proposals for high-sensitivity experiments have been made for several isotopes, and R&D works for future detectors are now in progress. They include CANDLES for 48 It is noted that high-sensitivity detectors are of potential interest for other rare decay experiments as well. Actually, MOON with one ton of 100 Mo can be used for realtime studies of the low-energy solar 's because of the large sensitivity of 100 Mo for pp and 7 Be 's. Inverse -rays from the solar 's are measured in delayed coincidence with the successive decays from 100 Tc. MAJORANA with half a ton of 76 Ge can be a good detector for dark matter searches by measuring the nuclear recoil signal in the keV region. WIMPs can be studied by measuring the annular modulation of the recoil spectrum. Axions, charge nonconservations, nucleon decays and many other interesting studies are carried out by using high-sensitivity detectors.
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Appendix: International Statement on Neutrino-less Double Beta Decay
High-sensitivity studies of neutrino-less double beta decays (0) are of vital importance for studying the Majorana nature of neutrinos, the absolute mass scale of neutrinos and other fundamental properties of neutrinos and weak interactions beyond the standard theory.
Neutrino mass sensitivities required for 0 experiments are of the order of the atmospheric and solar mass differences. They are 30 -3 meV, and the corresponding 0 half-lives are 10 27 -10 29 , which are several order of magnitudes longer than the half-life limits of the present detectors.
Such high-sensitivity experiments can be carried out using next-generation detectors, which are larger by at least two orders of magnitude than the presently running detectors. It is thus natural and necessary to carry out next-generation experiments from international viewpoints. The nuclear matrix elements are crucial, and require extensive works from both theoretical and experimental sides. Experimental and theoretical physicists working in the frontiers discussed the high-sensitivity studies in future. They agreed to form an international network to promote international corporative efforts for the next-generation work in Nov. 2002. The statement is given below. This is available on the web site as well. 33) INTERNATIONAL STATEMENT ON NEUTRINOLESS DOUBLE-BETA DECAY An Open Letter to Nuclear, Particle, and Astro Physics Communities.
We, the undersigned, have met on a number of occasions to discuss the status of neutrinoless double-beta decay (DBD) and to endorse a coordinated approach to executing next-generation DBD probes for fundamental properties of neutrinos. Recent works of neutrino oscillation experiments indicate that next generation neutrinoless DBD experiments have excellent physics potential. Next-generation efforts can shed much-needed light on fundamental properties of neutrinos beyond the standard electro-weak theory. We agree with the following points in order to carry out successful next-generation DBD experiments for the neutrino properties.
1) Fundamental neutrino properties to be studied by DBD include the Majorana nature of neutrinos and the lepton number non-conservation, the type of mass spectrum, the absolute neutrino mass scale, possibly the CP violation, and others. Actually, performing neutrinoless DBD experiments is the only practical method for studying all these important properties of neutrinos in the foreseeable future. Information on the absolute scale of neutrino masses can be obtained by tritium beta-decay experiments.
2) The data from Super-K, SNO and others, together with their theoretical analyses, clearly imply that next-generation DBD experiments with the mass sensitivities of the order of 10 meV should discover non-zero effective Majorana electron neutrino mass if the massive neutrinos are Majorana particles and the neutrino mass spectrum is of the quasidegenerate type or with inverted hierarchy. In fact, many theories of the fundamental particle interactions predict that the massive neutrinos are Majorana in nature. DBD experiments with even higher sensitivities of the order of meV are of potential interest for further studies of the absolute neutrino mass scale and possibly of the CP violation.
3) The present running experiments and the improvements are important by themselves and are considered to be very significant steps for future detectors with higher sensitivities. 4) Neutrinoless DBD events are extremely rare lowenergy processes. Accordingly the DBD experiments require necessarily large amounts of DBD isotopes, large-scale lowbackground detectors and very stringent selection of the signal from background events. The signal rate depends on the nuclear matrix element as well. International collaboration of the experimental groups, presently working on DBD, for performing successful new generation DBD experiments are indispensable.
5) The observation of a statistically significant signal in a single experiment cannot be considered as a discovery without clear confirmation from at least one or two independent experiments utilizing different isotopes and methods. 6) Nuclear matrix elements for neutrinoless DBD are crucial for extracting the effective Majorana mass parameter and others from the observed DBD rates. Improvements of the precision in theoretical evaluations of the matrix elements are important, and can be pursued by coherent works of nuclear theory groups. Experimental studies of nuclear structures, relevant to DBD, help perform adequate calculations of the matrix elements.
7) There are a number of natural and enriched isotopes that could be used for experiments in the range of hundreds of kilograms. These isotopes have been used in previous experiments and have the properties that allow the construction of large practical detectors. It is important to cooperate internationally to ensure that at least one experiment could be done involving each promising isotope and to accelerate its development for a full-scale next-generation experiment.
8) The sensitivities required of next generation DBD experiments can only be achieved in deep underground clean laboratory space. Radon-free clean room environments will be required for detector assembly, repair, operation, and other related works for low background studies. Such a laboratory should be open to the international science community.
9) DBD is considered to be an important physics subject at the intersection of nuclear and particle physics with a great impact on the fields of astrophysics and cosmology. Thus the future DBD experiments should be discussed among the communities of these fields as well.
In recent years a growing sense of community has emerged in the DBD and neutrino physics fields. It is in this spirit that we, the undersigned, agree to form an international DBD network in order to endorse a coordinated approach to executing successful next-generation DBD probes of the fundamental neutrino properties.
Sincerely yours. Nov, 2004.
